Phosphate uptake capacity of natural phytoplankton populations was used as a physiological indicator of P limitation in the Loosdrecht lakes. During a substantial period of the growth season of 1983, P-limited growth was observed in Lake fireukeleveen and Lake Loosdrecht, but P limitation was less severe in the latter. In Lake Breukeleveen the maximum initial phosphate uptake rate (V,,) varied between 0.3 and 5.7 pg P (pg Chl)-' h-l during P-limited growth, whereas in Lake Loosdrecht, V,, varied between 0.3 and 2
Algal bioassays can provide valuable information relevant to the understanding and prediction of the effects of nutrient additions or removal (e.g. by sewage addition or diversion of diluted water) on lakes (Claesson and Forsberg 1980; Goldman 1978 ). Here we discuss various bioassays and report a study of phosphorus-phytoplankton interactions in the highly eutrophic Loosdrecht lakes (The Netherlands), 20 km southeast of Amsterdam (52"20'N, 5'5'E) . The total catchment area of the lake system is 44.4 km2 (Fig. 1) ; average depth of the lakes is 2 m. The mean hydraulic retention time'of the lakes is about 1 year (Van Liere et al. 1984) . Inputs of industrial and agricultural wastewaters (60 t P yr-') have increased eutrophication.
During the past 30 years phytoplankton biomass has increased, leading to partial disappearance of the submerged macrophytes and charaphytes (Best et al. 1984) . The seston mass now varies seasonally from 10 to 30 mg liter-I. Phytoplankton diversity has diminished and the lakes are dominated by cyanobacteria (de KIoet et al. 1984) .
Measures aimed at reducing P loadings began in 1984. nal P load to the lake system came from the River Vccht. In 1984, the Vecht was disconnected from the Loosdrecht system, to be replaced with water from the Amsterdam-Rhine canal after removal of phosphorus by coagulation with FeCl,. To estimate the results of the restoration program, we studied seasonal changes in phosphorus availability for 1 year before the diversion. The manner in which algae experience their growth environment is reflected in the adaptation of physiological properties. We measured phosphate uptake capacity of the natural phytoplankton to study the availability of phosphorus for growth. We thank A. Konopka, D. W. Tempest, and S. J. Tarapchak for comments and suggestions, and also E. van Liere and J. H. Gons who provided the chlorophyll data. U. G. DijkstraStam provided technical assistance.
Indicators of nutrient limitation
Algae use light energy to construct new cell material from elementary nutrients such as carbon, nitrogen, and phosphorus. When one of these becomes limiting, its rate of supply will determine the algal growth rate. To decide whether phosphorus limits the growth rate of algae in a particular lake, we can measure soluble reactive phosphorus (SRP) concentrations (Kappers 1984) , but this provides no information about the availability of other nutrients. Enrichment experiments (Claesson and Forsberg 1980; Peterson et al. 1983 ) have failed to provide definite information since more than one nutrient may be present in low concentrations. For example, the addition of phosphate to P-limited phytoplankton results in an unmeasurable growth response when nitrogen also is present in low (but not limiting) concentrations (Zevenboom et al. 1982) .
Measurements of physiological properties of a natural population can provide information about the nature of the growthrate-limiting nutrient. For example, phosphatase activity is used as an indicator of P limitation (Petterson 1980) . However, it is not known whether alkaline phosphatase activity is expressed only during P limitation or whether all phytoplankton species are able to induce or derepress phosphatase activity.
Low P:C, N:C, ATP:C, Chl a:C and protein : carbohydrate ratios indicate nutrient-limited growth (Healey and Hendzel 1980) . Because these ratios can be low under both N and P limitation (Zevenboom 1980) , they cannot be used to identify P-limited growth specifically. Furthermore, these ratios have in common that the properties are related to carbon. Short term changes in light can cause changes in carbohydrate content of the cells, influencing these ratios dramatically. For example, P-limited Oscillatoria agardhii grown in continuous culture under a light/dark cycle of 4 : 20 h was found to increase its P: C ratio by 25% (Riegman and Mur 1985) and decreased its protein : carbohydrate ratio by 92% during the light period (Riegman et al. 1985) . Thus, these ratios may reflect the light history rather than the availability of nutrients. A less equivocal way to determine P limitation in algae is to measure phosphate uptake kinetics (Zevenboom et al. 1982 ; Lean and Pick 198 1). All P-limited phytoplankton species investigated to date have a high phosphate uptake capacity (Gotham and Rhee 1981; Zevenboom 1980; Van Donk 1983) . A high uptake capacity results from the synthesis of more phosphate uptake carriers per cell or from the derepression or induction of the activity of these carriers. This increased capacity over non-P-limited cells results not only in an increased maximum initial phosphate uptake rate (V,,) observed when the cells are pulsed with a saturating amount of phosphate, but also in faster uptake rates at low phosphate concentrations. Since this strategy is of such fundamental importance during competition for phosphorus under P-limiting conditions, one might expect it to be found in all phytoplankton species (Tempest et al. 1983 ). V,, gives an indication of whether the availability of phosphorus is limiting the growth rate of natural phytoplankton. Lean and Pick (198 l) , for example, demonstrated that V,, when related to the optimum photosynthetic rate (P,,,) yields a measure of the severity of P limitation.
Materials and methods
To measure the phosphate uptake of natural phytoplankton, we took 30 liters of water from 1 m below the water surface and filtered it through a 150qm stainless steel filter to remove zooplankton. One hour after collection, the phytoplankton was concentrated by centrifugation (5 min; 3,000 rpm) and resuspended in a mineral medium without phosphate (Riegman and Mur 1984) ; after resuspension in the supernatant, phosphate uptake by the dominant cyanobacterium, Oscillatoria limnetica, deviated by ~5% from the untreated sample, indicating that the treatment had no significant influence on phosphate uptake.
To exclude the influence of incubation temperature and energetic state of the cell membrane on the activity of the phosphate uptake carriers, we studied phosphate uptake at 20°C, an incident irradiance of 30 W m-2, and in a standardized medium. After 15 min of preincubation, 25 ml of an algal suspension (about 30 mg dry wt liter -' ) was added to 175 ml of mineral medium (pH 8.0) containing phosphate at an initial concentration of 3 10 pg P liter-l, chosen to ensure that during the experiment the external phosphate concentration was saturating uptake (Riegman and Mur 1984) . At 0, 10, 20, 40, 60, 90, 120, 150 , and 180 min, subsamples were centrifuged for 2 min at 3,000 rpm and the extracellular phosphate concentration determined colorimetrically (Murphy and Riley 1962) . For each incubation time (t) the amount of phosphate taken up (Q,) was calculated and, after correction for concentration and dilution of the algal suspension, expressed per liter of lake water.
An example of time-course-dependent phosphate uptake by P-limited natural phytoplankton is presented in Fig. 2 . To calculate the maximum initial phosphate uptake rate (V,) Q, vs. t, we analyzed such curves. The severity of P limitation (reflected by V,) was calculated as the tangent to the curve at t = 0. V, was divided by the Chl a content of lake water to provide normalized estimates. Oscillatoria agardhii, grown in continuous culture, showed V, on the basis of Chl a to vary from lower than 0.038 rug P (pg Chl)-' h-l under non-P-limiting conditions to 20 pg P (pg Chl)-' h-l under severe P limitation. If we assume that species-dependent variation in Vm under $0 120 180
Time (min ) Fig. 2 . Effect of adding a saturating amount phosphate on phosphate accumulation of P-limi phytoplankton from Lake Breukeleveen.
of ted non-P-limiting conditions does not exceed more than eight times the value of V, of 0. agardhii, the natural phytoplankton can be defined to be P limited when V, exceeded 0.3 pg P (pg Chl)-' h-'.
Particulate phosphorus was determined according to Chen et al. (1956) . Chlorophyll a was determined in methanol-extracted water samples (Moed and Hallegraeff 1978) . The soluble reactive phosphorus of lake water was determined according to Tarapchak and Rubitschun (198 1) .
Results
In 1983, rapid phosphate accumulation was observed after the addition of phosphate to the natural phytoplankton samples (Fig. 3) . During a substantial period of the growth season, V, was > 0.3 pg P (pg Chl)-* h-l (dashed line in Fig. 4) indicating P-limited growth. In June and July P limitation was not observed in either lake, and in September, phytoplankton growth in Lake Loosdrecht was not limited by phosphorus.
In the periods of P-limited growth, V,n of samples from station 9 varied from 0.3 to 2.0 pg P (pg Chl)-' h-l and from station 5 from 0.3 to 2.1. The average V, was 1.1 E.cg P (hg Chl)-' h-' for station 5 and 0.9 for station 9. Since the V, of samples from sta- tions 5 and 9 were similar, these data suggest that during the growth season, Loosdrecht Lake is a well mixed system. P-limited phytoplankton from Lake Breukeleveen had a range of V, from 0.3 to 5.7 pg P (pg Chl)-1 h-' indicating more severe P limitation than in Lake Loosdrecht. In both lakes SRP values were < 15 hg P liter-1 (Fig. 5 ).
Discussion
Our study shows that phosphate uptake kinetics can provide information on seasonal variations in the availability of phosphorus. The decrease in P deficiency in June was observed after the water temperature had increased from 13" to 19°C during May. In general, the strongly temperature-dependent process of mineralization results in phosphorus release from the sediments. Until the end of August, the water temperature was 20"+ l"C, and, with the reduction in total daily irradiance, declined to 12°C during September, resulting in an increase in P deficiency in both lakes (Fig. 4) . The P-containing water from the River Vecht entering during July and August induced a reduction in P limitation.
This effect was less pronounced in Lake Breukeleveen, probably as a result of the hydrologically isolated situation of this lake (Fig. 1) . Accumulation of the external P load from the River Vecht in Loosdrecht Lake explains why phytoplankton in Lake Breukeleveen is more P limited (Fig. 4) . During periods in which no P limitation was observed, phytoplankton growth was judged to be light limited, since the external nitrogen concentration was >0.2 mg N liter-I.
The availability of a nutrient to support growth is determined by its ambient concentration and by the ability of the phytoplankton to accumulate it. consists of several phosphorus-containing components (Lean and White 1982; Tarapchak and Rubitschun 198 1). Between June and November we observed low SRP values, suggesting P deficiency, in both lakes. Higher SRP values in April and May suggest an increased availability of P. However, at low temperatures the activity of phosphate uptake carriers is strongly reduced (Zevenboom 1980) , which means that the rate at which phosphate can be accumulated is low despite a higher external phosphate concentration. V,, measurements indicated growth not to be P limited in both lakes at the end of June. Apparently at relatively low SRP values (4-6 pg P liter-') the P flux from the sediments through the water to the phytoplankton was fast enough to support non-P-limited growth. This example shows that the availability of P is determined by the rate of its supply, rather than by its ambient concentration. Whether phosphorus is limiting the growth rate depends on its availability relative to that of other nutrients and light. This relative availability cannot be determined from SRP measurements alone. The effect of the reduction in external P loadings on the algal biomass of Lake Loosdrecht and Lake Breukeleveen cannot be predicted quantitatively, since the contribution of the internal P load from the sediments seems to be remarkable in these shallow lakes. However, in 1983, variations in algal biomass were closely reiated to the availability of P, indicating that no surplus phosphorus was available; this leads us to expect that a reduction of the external P load will bring about a reduction in algal biomass.
